Summary. Concentrations of oestradiol-17\g=b\,progesterone, and luteinizing hormone (LH) were measured in plasma collected at 6-to 12-h intervals from tammars around the time of parturition and post-partum oestrus. Parturition occurred on Day 26 or 27 after reactivation of lactation-delayed pregnancy and coincided with a precipitous decline in progesterone levels. A sharp rise in oestradiol, from basal concentrations of < 10 pg/ml to a peak of 13 to 32 pg/ml, as well as oestrus, followed the drop in progesterone by 8\m=.\3and 9\m=.\8 h, respectively. The LH surge was dependent on the oestradiol rise and followed it by 7 h. Ovulation followed mating by about 30 h and the LH surge by 24 h. Removal of the ovary with the large Graafian follicle prevented the oestradiol rise, oestrus and the LH surge, but not parturition. Peripartum changes in peripheral oestradiol do not appear to be involved in initiation of parturition but the oestradiol rise and associated change in the oestradiol:progesterone ratio are important signals for post-partum oestrus and the LH surge.
Introduction
The duration of pregnancy in most species of kangaroo is 1 or 2 days shorter than the oestrous cycle, and in these species post-partum oestrus and ovulation normally follow parturition. In the tammar the timing of this sequence is now well known and the profiles for several of the important hormones associated with these events have been described. Parturition coincides with a transient pulse of prolactin (Hinds & Tyndale-Biscoe, 1982a ) and a very rapid decline of progesterone in peripheral plasma from 500 to less than 200 pg/ml (Hinds & Tyndale-Biscoe, 1982b) and is associ¬ ated with a decline in progesterone content of the corpus luteum (CL) of pregnancy (Renfree, Green & Young, 1979) . Oestrus and a transient pulse of luteinizing hormone (LH) occur 8 and 16 h, respectively, after parturition (Tyndale-Biscoe, Hinds, Horn & Jenkin, 1983) , and ovulation occurs between 20 and 48 h after the LH pulse (Sutherland, Evans & Tyndale-Biscoe, 1980) . Tyndale-Biscoe et al. (1983) considered that the decline in progesterone might initiate this sequence of events through an alteration of the progesterone:oestrogen ratio, but they were unable to deter¬ mine the role of oestradiol at that time. However, Flint & Renfree (1982) showed that plasma con¬ centrations of oestradiol-17ß were elevated in wild tammars shot at the time of parturition and post-partum oestrus, and Shaw & Renfree (1984) confirmed that there was a transient rise of oestradiol in females exhibiting post-partum oestrus but not in females that failed to mate post partum. They concluded that elevation of oestradiol, rather than decline in progesterone, was the essential signal for oestrus, and they suggested that it may be derived from the preovulatory Graafian follicle. In the opossum (Didelphis virginiana) oestradiol levels reach a peak of 23 pg/ml 1-2 days before oestrus while progesterone concentrations are basal (Harder & Fleming, 1981) .
Recent studies in the tammar have clearly established that the Graafian follicle is the major secretory source of oestradiol during late gestation and parturition. Only ovarian tissue containing cortex and follicles converted androstenedione to oestrone and oestradiol-17ß (Renfree, Flint, Green & Heap, 1984) , and the ovary containing the Graafian follicle had the highest concentration of oestradiol (Shaw & Renfree, 1984) . Harder, Hinds, Horn & Tyndale-Biscoe (1984) Hormone assays. Hormone concentrations were determined by radioimmunoassays previously validated for tammar plasma. Oestradiol-17ß was measured by the method described by Harder et al. (1984) , using antiserum (lot 6181) provided by Dr R. I. Cox, CSIRO, Sydney. The assay sensi¬ tivity was 2-5 pg/ml plasma and intra-and interassay coefficients of variation were 3% and 15%, respectively. Progesterone was assayed according to Sernia, Hinds & Tyndale-Biscoe (1980) with progesterone antiserum S230, provided by Dr R. I. Cox, CSIRO, Sydney. The assay sensitivity was 25 pg/ml and intra-and interassay coefficients of variation were 9% and 13%, respectively. LH was determined by the double-antibody heterologous radioimmunoassay of Niswender, Reichert, Midgley & Nalbandov (1969) , validated by Sutherland et al. (1980) , using ovine antiserum (GDN No. 15) and NIH-LH-S19 for standards. The assay sensitivity was 0-3 ng/ml and the intraand interassay coefficients of variation were 6% and 13%, respectively. Because values in intact females are generally below the sensitivity of the assay (Sutherland et al., 1980) (Tables 1 and 2 ). There¬ fore, hormone values in individual animals were plotted in reference to the time of the first sample in which the progesterone concentration was less than 250 pg/ml (Text-figs 1 & 3). Oestradiol-17ß concentrations were generally < 10 pg/ml before the progesterone drop, but they increased to a peak of 13 to 32 pg/ml, 6-18 h later (12-0 ± 2-4 h) (Table 1) and had declined to basal values by 24 h (Text- fig. 1 ). Significant differences (P < 0-05, Kruskal-Wallis test) in oestradiol over time were detected, and the samples collected at 6 h and 12 h after the progesterone drop had significanfly higher concentrations of oestradiol than did those collected 6 h and 12 h before the drop (P < 005, Wilcoxon rank sum test). Oestrus (first observation of a copulatory plug) occurred during the period of elevated plasma oestradiol concentrations in 4 tammars; the 2 that did not mate had the lowest peak concentration of oestradiol (13 pg/ml). The mean ratio of oestradiol to progesterone concentrations rose from 005 + 0-01 at parturition to 0-17 + 004 at the peak of oestradiol concentration in plasma.
LH concentrations were measured at 6-h intervals for 36 h from parturition. In the first two samples after parturition and the progesterone fall, LH was undetectable, but in 5 animals it then reached a maximum value of 9-9->50 ng/ml, 12 or 18 h (mean 14-4 + 1-5 h) after parturition ( (1980) and strengthen the view that ovulation in the tammar occurs about 24 h after the LH peak.
Experiment 2: effects of unilateral and bilateral ovariectomy Four of the 5 sham-operated animals (Group S-2) and 4 of the 6 in Group F-2 gave birth at the same time as the 5 unoperated control animals (Group C-2) ( Values are mean ± 1 s.e.m. *Significant decline in progesterone concentration to < 250 pg/ml.
After bilateral ovariectomy (Group O) oestradiol was undetectable in 75% of the plasma samples and very low in the rest (Table 2 ). Oestradiol concentrations were higher in Group F-2 but remained consistently below 10 pg/ml except in one animal in which a maximum concentration of 16 pg/ml was reached 48 h after the progesterone drop. None of the Group F-2 animals displayed oestrus, none had an LH concentration greater than 2 ng/ml and none had ovulated by autopsy on Day 31 (Table 2 ; Text- fig. 2b ). By contrast, in Group CL oestradiol concentrations rose from < 10 pg/ml on Day 24 to peak values of 26-74 pg/ml (42-1 ± 9-1 pg/ml; surge ( > 50 ng/ml in 3 and 17 ng/ml in 1 ) was detected 8 or 16 h after the oestradiol peak (Table 2) .
At autopsy on Day 31, these four had ovulated and the two that mated had fertilized eggs.
In Group S-2 the average maximum oestradiol concentration (Table 2 ) and the oestradiol:
progesterone ratio (015 + 003) were similar to those in Exp. 1 (text- fig. 1 ), but an LH surge (> 50 ng/ml) and ovulation were only detected in the 2 tammars with the highest peaks of oestradiol (24 and 30 pg/ml). None mated and both the females that ovulated had unfertilized eggs. Although the incidence and timing of parturition in this group appeared to be normal, the patterns of oestradiol and LH, and the occurrence of oestrus and ovulation appeared to be abnormal when compared to Exp. 1 and to Group CL in this experiment. Because of this the effects of removing the Graafian follicle could not be distinguished from the effects of surgery. Experiment 3: effects ofremoving the Graafianfollicle Four of the 5 animals in Group S-3 and the 4 animals in Group F-3 that were pregnant at operation gave birth at about the same period as the intact females of Exp. 1 (Table 1) . The inter¬ vals between each of the subsequent events in Group S-3 were very similar to those of Group C-1 (Exp. 1), and all showed a significant post-partum peak of oestradiol (P < 005), which preceded or coincided with oestrus in all cases (Text- fig. 3a ). In 4 of the 5 animals an LH pulse of 7-2, 17-3 and > 50 ng/ml (2 animals) was detected after oestrus, and all of them ovulated and conceived, as determined by births 1 month later.
In Group F-3 progesterone declined and parturition occurred at the same time as in Group S-3, but mean oestradiol concentrations did not show a significant rise after the progesterone fall, nor did any animal display oestrus by Day 36 (Text-fig. 3b ). No LH surge had been detected in any animal by Day 29, when 8-h blood sampling ceased, but by Day 36, 4 of the 6 animals had ovulated, and one other had a preovulatory follicle of 4-3 mm diameter. This should be compared to the result in Exp. 2 in which none of Group F-2 had ovulated by Day 31,8 days after operation. It indicates that 13 days were required, after loss of the preovulatory Graafian follicle, for another to develop to this stage and ovulate.
Discussion
The progesterone drop at the end of pregnancy is a highly predictable event in the tammar and nearly always coincides with parturition. Associated events all occur within 24 h: the oestradiol peak after 8-3 h, oestrus after 9-8 h, and the LH surge after 15 h. The intervals from progesterone drop to mating and to the LH surge are very similar to the interval from birth to mating of 8 0 h and the interval from birth to LH peak of 160 h reported by Tyndale-Biscoe et al. (1983) , and the interval from birth to mating is the same as that reported by Shaw & Renfree (1984) . The interval from LH surge to ovulation, now shown to be very close to 24 h, refines the estimate of 20-40 h by Sutherland et al. (1980) .
The results of Exp. 3 support the conclusion of Harder et al. (1984) that the large Graafian follicle is the primary source of oestradiol in the peripartum tammar, because removal of the ovary with the Graafian follicle eliminated the post-partum rise in oestradiol. Basal concentrations of oestradiol in the plasma of animals in Groups F-2 and F-3 were apparently maintained by secretion of oestradiol from growing follicles in the remaining ovary, because oestradiol was generally undetectable in the bilaterally ovariectomized tammars. The magnitude of the post-partum peak in oestradiol measured in our samples (13-32 pg/ml) was very similar to that obtained independently by Flint & Renfree (1982) and Shaw & Renfree (1984) .
The fact that the oestradiol rise followed the drop in progesterone suggests that high pro¬ gesterone levels or the presence of the CL might inhibit secretion of oestradiol, perhaps through inhibition of LH release or through inhibition of LH receptors on follicle cells (Stewart & Tyndale-Biscoe, 1982) . After the decline in progesterone, this inhibition would have been removed leading to elevation of oestradiol, as occurs in sheep (Goodman et al., 1981 (Harder et al., 1984) . Goodman et al. (1981) Shaw & Renfree (1984) . However, the occurrence of oestrus is probably not determined solely by the timing and magnitude of the peak. The oestradiohprogesterone ratio (pg/ml:pg/ml) at the time of the oestradiol peak appears to be important also, as suggested by Tyndale-Biscoe et al. (1983) . In the 2 control tammars (Group C-l) that did not mate, these ratios (005 and 006) were similar to the average of 007 + 0-01 in Groups F-2 and F-3 and significantly lower (P < 005) than that (017 + 002) in the 4 control and 5 sham-operated animals (Groups C-l and S-3) that came into oestrus. A shift in the oestrogemprogesterone ratio from progesterone to oestrogen domination at oestrus has been observed in many eutherians including sheep (Robertson, 1954) and cows (Pope, Gupta & Munro, 1969) (Horn et al., 1985) . Basal progesterone values might permit a positive oestradiol-LH feedback to elevate oestradiol concentrations and lead to the LH surge. The LH surge in turn presumably blocks further oestradiol secretion and sets in motion changes in the follicle wall that lead to ovulation 24 h later.
